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Horizontal drilling and multi-stage hydraulic fracturing are the key technologies enabling 
the oil and gas industry to unlock unconventional resources. As verified often with the utilization 
of microseismic data, hydraulic fracturing in shale reservoirs typically creates highly complex 
fracture networks due to their complex geology and the activation of the pre-existing natural 
fractures that cannot be realistically captured when the classical planar bi-wing fracture models 
are implemented. Coupling proper geomechanical models with microseismic data helps better 
reflect the fracture complexity that is anticipated to enhance production performance. Recently, 
new stimulation design patterns have been proposed for production optimization using this 
approach by coupling the fundamental geomechanics concepts in order to waive the stress 
interference constraint of the minimum fracture spacing and to produce further fracture 
complexity in the altered stress regions. 
The aim of this study is to evaluate and compare two new stimulation patterns, namely, 
the Alternate and the Zipper, to the Consecutive multi-stage stimulation pattern from a fluid flow 
perspective using a dual permeability numerical model. The study considers anticipated fracture 
complexity and Stimulated Reservoir Volume (SRV) overlap of parallel lateral wells. An 
economic evaluation is also conducted to couple the flow-based optimization with the Net 
Present Value (NPV) analysis to quantify costs vs. benefits of selecting a specific stimulation 
pattern. Another focus area of the research is the flowback behavior study of the Consecutive 




Results of this research demonstrate how the configuration of fracture stages, complexity 
of fracture networks and SRV overlap impacts the production performance and eventually NPV 
of the studied stimulation patterns. The comparison study highlights the governing parameters 
and provides insights on the significance of developing and optimizing a stimulation pattern 
utilizing fluid flow evaluation. The flowback behavior study helps to understand how the water 
imbibition mechanism, driven by capillary forces during the well shut-in period, impacts the 
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CHAPTER 1  
INTRODUCTION 
In Chapter 1, a background about the focus area of the conducted research is introduced 
in the first section. The motivation and objectives of the research are demonstrated in the second 
section. Finally, the chapter is ended with the organization used in the thesis. 
1.1 Background 
To deplete shales more effectively, fracturing designs tend to minimize fracture spacing 
to achieve high initial production rates and maximum recovery since it has been noticed in the 
field that generally when more fractures are performed, higher initial production rates are 
obtained (Roussel and Sharma, 2011). But stress interference, or what is also known as the stress 
shadow effect, forms an altered stress region around propped fractures and defines minimum 
fracture spacing to avoid sub-optimal subsequent fracture placement. (Soliman et al., 2008). 
However, according to Soliman et al. (2008), stress interference can be utilized to 
generate secondary fractures and to enhance the far-field complexity, because a propped fracture 
reduces nearby stress anisotropy and encourages shear failure of weak planes such as pre-
existing natural fractures, cleats and fissures. Indeed, new fracturing design patterns have been 
proposed recently based on predicting the stress perturbation geomechanically and a subsequent 
hypothesis of enhancing the fracture complexity.  
The Consecutive multi-stage hydraulic fracturing technique in horizontal wells generally 
starts from toe to heel, one stage at a time, and fracture spacing is constrained by fractures stress 
interference (Roussel and Sharma, 2011). Based on the concept of utilizing stress interference to 
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enhance far-field complexity, Soliman et al. (2010) proposed a new stimulation pattern called the 
Alternate, opposed to the conventional consecutive stimulation practice. In this design, as shown 
in Figure ‎1.1, after placing the first fracture, the second fracture is placed at the location of the 
third fracture. Then, the third fracture is located between the two to decrease the fracture spacing 
and to introduce more complex fracture networks in this altered stress region. Another 
stimulation pattern was proposed by Rafiee et al. (2012b) called Modified Zipper Frac (Zipper) 
where fractures are placed in a staggered pattern to induce fracture complexity between each two 
consecutive fractures from the same well by a middle fracture from another well (Figure ‎1.2). 
 
Figure ‎1.1: Alternate stimulation pattern (Soliman et al., 2010). 
   
Figure ‎1.2: Zipper stimulation pattern (Rafiee et al., 2012b). 
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1.2 Motivation and Objectives 
The new stimulation patterns studied in this research have been proposed by prior 
investigators from geomechanical optimization perspective to improve the efficiency of 
hydraulic fracturing by decreasing minimum fracture spacing and introducing more fracture 
complexity. The motivation behind this research is to study the new stimulation patterns from 
fluid flow viewpoint to evaluate and compare their potential, identify the governing parameters 
and assess the patterns economically. Another motivation of this research is to understand the 
effect of well shut-in time, rock wettability, capillary pressure and natural fracture density on 
flowback behavior. The main objectives of this research can be identified as following: 
A. Numerically model the fluid flow of the stimulation patterns to evaluate, compare and 
optimize from production performance and economic points of view. 
B. Numerically study the flowback behavior of the Consecutive stimulation pattern 
considering the mechanism of matrix water imbibition and investigating the effect of 
well shut-in time, rock wettability, capillary pressure and natural fracture density. 
1.3 Thesis Organization 
The thesis consists of 7 chapters. After introducing the research topic and objectives in 
Chapter 1, a review of the related literature is conducted in Chapter 2. The research 
methodology utilized to achieve the stated objectives is demonstrated in Chapter 3. The 
results and discussions of the stimulation patterns comparison are presented in Chapter 4. 
The results of the flowback behavior study are discussed in Chapter 5. The economic 
evaluation and sensitivity analysis are shown in Chapter 6. Finally, conclusions and 
recommendations of the thesis studies are presented in Chapter 7.      
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CHAPTER 2  
LITERATURE REVIEW 
The literature review is demonstrated in five sections. The stress interference caused by 
propped fractures is discussed in the first section. The new stimulation patterns that have been 
proposed recently based on understanding stress field alteration are presented in the second 
section. The third section contains the role of hydraulic fracturing and generated complex 
fracture networks in developing unconventional resources. In the fourth section, the idealization 
and incorporation of fractures into reservoir models are reviewed. Finally, the mechanisms 
affecting flowback behavior of shale wells are discussed in the fifth section.  
2.1 Stress Interference 
Stress is defined as applied force acting on the surface area of an object. Stress acting on 
a plane has three components, one normal component perpendicularly acting on the surface and 
two shear components acting parallel to the surface. Stress field tensor is widely utilized to 
describe in-situ principle normal and shear stresses acting on the three dimensions as shown in 
Figure ‎2.1. The tensor contains three principle normal stresses, one vertical (     ) and two 
horizontal (         and         ). Horizontal wells are usually landed in the direction of 
(       to propagate transverse fractures in the         direction (Figure ‎2.2). 
The fracture initiation can be simply described using Mohr’s failure diagram (Figure ‎2.3). 
As pore pressure increases, the effective in situ stresses decreases according to Terzaghi 
equation: 
                      (‎2.1) 
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The increase in pore pressure reduces the effective stress and moves Mohr’s circle toward the 
failure envelope promoting a rock failure.  
 
Figure ‎2.1: In-situ stress field tensor showing principle normal and shear stresses (Tutuncu, 
2012). 
 
Figure ‎2.2: Horizontal well placement in the minimum principle normal stress direction 
(       modified after (Tutuncu, 2012). 
 
Figure ‎2.3: Mohr circle moves toward the failure envelope as pore pressure increases and/or 
temperature decreases resulting in a decrease in effective stress and a rock failure promotion 
(Fakcharoenphol et al., 2012).  
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Stress interference or stress shadow effect is the local stress field alteration caused by 
propped fractures in a formation. The alteration is basically described as an additional 
compressive stress in the direction normal to the fracture face that adds a significant increase to 
the in-situ minimum horizontal principle stress (        compared to a trivial change (increase) 
to the in-situ maximum horizontal principle stress (         Rafiee et al. (2012a) calculated and 
compared the predicted change in minimum and maximum horizontal stresses between two 
transverse fractures (Figure ‎2.4). 
Using typical data of the Barnett shale presented in Table ‎2.1, Rafiee et al. (2012b) 
showed in Figure ‎2.5 the increase in minimum principle horizontal stress around a propped 
transverse fracture of 492 ft. from the horizontal well section. At the tip of the fracture, the 
model predicts a tensile stress (negative) opposed to the compressive stress (positive) around the 
transverse fracture that causes the increase in the minimum principle horizontal stress (Rafiee et 
al., 2012b). 
 
Figure ‎2.4: Comparison of the change in principle horizontal stresses between two transverse 
fractures: (a) change in minimum horizontal stress (psi) and (b) change in maximum horizontal 
stress (psi) (Rafiee et al., 2012a). 
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Figure ‎2.5: Change in minimum horizontal stress (psi) around transverse fracture: (a) 3D view 
and (b) plan view (Rafiee et al., 2012b). 
Stress anisotropy is defined as the difference between the principle maximum and 
minimum horizontal stresses. In the stress interference regions, the stress anisotropy diminishes 
since the minimum horizontal stress around the fracture is increasing more significantly than the 
maximum horizontal stress. This increase could lead the maximum horizontal stress direction to 
rotate 90
o
 (reverse) around the propped fracture when the resultant minimum horizontal stress 
exceeds the original in-situ maximum horizontal stress (Roussel and Sharma, 2011).  
An illustration of the change in direction of the maximum horizontal principle stress is 
presented by Roussel and Sharma (2011) in Figure ‎2.6 using the typical Barnett shale properties 
8 
 
listed in Table ‎2.2. The stress reversal region (S90
0
) is shown at which any subsequent fracture 
placed in this area will be reoriented 90
0
 from the original in-situ maximum horizontal stress 
direction resulting in a longitudinal fracture in the direction of the wellbore instead of a 









 from the transverse 
direction respectively. 
 
Figure ‎2.6: Prediction of: (a) direction of maximum horizontal stress and (b) angle of stress 
reorientation around transverse fracture (Roussel and Sharma, 2011). 




Another stress interference effect is the restriction of adjacent subsequent fracture width 
and the alteration of propagation path as modeled by Wu et al. (2012) in Figure ‎2.7. The figure 
shows narrower width of the middle fractures and altered propagation paths of offset fractures. 
Microseismically, the stress interference is observed in fracture mapping results (Fisher et al., 
2004). 
 
Figure ‎2.7: Fracture geometry and width alteration caused by stress interference for five 
simultaneous transverse fractures (Wu et al., 2012). 
 
2.2 New Stimulation Design Patterns 
The motivation behind proposing the two new stimulation patterns, Alternate and Zipper, 
is to have shorter spacing between the hydraulic fracture stages without having negative stress 
interference effects. Another benefit is the anticipated fracture network complexity in the altered 
stress regions around propped fractures.   
2.2.1 Alternate Pattern 
To facilitate the creation of secondary fractures and connect stress-relief fractures that are 
induced by the conventional bi-wing transverse fractures to the wellbore, a middle fracture is 
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propped between each two consecutive fractures to take advantage of in between altered stress 
regions (Soliman et al., 2010). Figure ‎2.8 shows how the middle fracture introduces secondary 
fractures as the stress anisotropy between the long fractures has been reduced resulting in more 
fracture complexity and waive the limitation of minimum fracture spacing of the Consecutive 
stimulation pattern. 
 
Figure ‎2.8: Middle fractures in the Alternate pattern take advantage of stress interference and 
reduced stress anisotropy to generate more fracture complexity and reduce fracture spacing 
(Soliman et al., 2010). 
 
In executing this stimulation pattern, the first two consecutive fractures are spaced far 
enough to facilitate a zone of no stress interference where a middle transverse fracture can be 
placed (Roussel and Sharma, 2011).  Roussel and Sharma (2011) found that for the typical 
Barnett shale parameters listed in Table ‎2.2 when fractures are spaced 650 ft. apart, a middle 
fracture can be placed to reduce the fracture spacing to 325 ft. (Figure ‎2.9). Therefore, the 
minimum fracture spacing can be reduced from 430 ft. in the Consecutive pattern to 325 ft. in the 




Figure ‎2.9: Middle fracture is placed in a zone of no stress interference between two fractures in 
the Alternate stimulation pattern: (a) direction of maximum horizontal stress and (b) angle of 
stress reorientation (Roussel and Sharma, 2011). 
Rafiee et al. (2012b) have predicted the change in minimum horizontal principle stress as 
length of the middle fracture is varied (Figure ‎2.10). The significant change in shear stress near 
the tips of the fractures at different lengths of the middle fracture is shown Figure ‎2.11. As clear 
from the figure, as the middle fracture propagates, more shear stress change happens in the 
reservoir that could activate more planes of weaknesses and enhances the far-field complexity 
(Rafiee et al., 2012b). Despite the potential fracture complexity and fracture spacing 
minimization this pattern offers, going back and forth between stimulation stages requires a 
special down-hole tool (Rafiee et al., 2012b).  
To compare the fracture complexity generated by the Alternate to the Consecutive 
pattern, Roussel and Sharma (2011) predicted the stress anisotropy normalized by the initial 




Figure ‎2.10: Change in minimum horizontal stress (psi) in Alternate stimulation pattern at 
different middle fracture lengths: (a) 50 ft., (b) 100 ft., (c) 150 ft., (d) 200 ft., (e) 250 ft., and (f) 
300 ft. (Rafiee et al., 2012b). 
Figure ‎2.12 shows the superiority of the Alternate pattern to create more fracture 
complexity as the normalized stress anisotropy along the fracture length is less. According to the 
graph, the first half of the middle fracture in the Alternate pattern experiences lower stress 
anisotropy that reaches zero at the wellbore which predicts more fracture complexity near-




Figure ‎2.11: Change in shear stress (psi) in in Alternate stimulation pattern at different middle 
fracture lengths: (a) 50 ft., (b) 100 ft., (c) 150 ft., (d) 200 ft., (e) 250 ft., and (f) 300 ft. (Rafiee et 
al., 2012b). 
 
Figure ‎2.12: Predicted normalized local stress anisotropy experienced by the middle fracture in 
the Alternate fracturing compared to the Consecutive (Roussel and Sharma, 2011). 
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2.2.2 Zipper Pattern 
Since multi-lateral completion from a single pad is quite common in shale reservoirs, it is 
appropriate to investigate the possibility of placing a middle fracture from another lateral in a 
similar manner to the Alternate stimulation pattern (Roussel and Sharma, 2011). The proposed 
Zipper pattern utilizes the previous discussed concept of placing a middle fracture in altered 
stress region but using a simple field practice without the need for a special tool (Rafiee et al., 
2012b). As shown in Figure ‎2.13, HW2 is placed between the HW1 and HW3 in a staggered 
position to propagate its fractures between each two consecutive fractures in HW1 and HW3 
(Roussel and Sharma, 2011).  
 
Figure ‎2.13: Zipper stimulation pattern (Rafiee et al., 2012b). 
Using the typical Barnett shale parameters listed in Table ‎2.2, Roussel and Sharma 
(2011) predicted in Figure ‎2.14 (a) the direction of maximum horizontal stress and (b) the angle 
of stress reorientation for the area between the two offset horizontal wells (HW1 and HW3) of 
the Zipper pattern. The direction of maximum horizontal stress is reversed between (fracture 1 
and 2) of the offset wells leaving a middle zone in its original stress status where a middle 
fracture (fracture3) from the middle well (HW2) can be propagated (Roussel and Sharma, 2011). 
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Rafiee et al. (2012a) predicted the change in stress anisotropy as fractures are created from two 
parallel wells in Zipper pattern (Figure ‎2.15). The reduction in stress anisotropy that is shown by 
the red color in the figure indicates more potential fracture complexity.  
 
Figure ‎2.14: Zipper stimulation pattern: (a) direction of maximum horizontal stress and (b) angle 
of stress reorientation (Roussel and Sharma, 2011). 
 
Figure ‎2.15: Change in stress anisotropy in the Zipper stimulation pattern as more fractures are 
propagated: (a) two, (b) three, (c) four, and (d) five (Rafiee et al., 2012a). 
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The recorded values of the middle transverse fracture length (           ) normalized by 
the maximum fracture length (    is plotted at different fracture spacing (  ) and inter-well 
spacing (  ) in Figure ‎2.16 (Roussel and Sharma, 2011). The length of transverse fracture 
(           ) is directly proportional to inter-well spacing (  ) and fracture spacing (  ) as 
shown in Figure ‎2.16. When the inter-well spacing (  ) is at least twice the fractures length (  ), 
(           ) will be maximum whatever is the fracture spacing (  ) and if the fracture spacing 
(  ) is 650 ft., (           ) will be maximum at all inter-well spacing (  ) values.  
 
Figure ‎2.16: Predicted length of transverse middle fracture for different inter-well and fracture 
spacing (Roussel and Sharma, 2011). 
The local stress anisotropy of the transverse fracture appears to be more sensitive to the 
inter-well spacing (  ) than fracture spacing (  ) as shown in Figure ‎2.17 where the recorded 
normalized local stress anisotropy is plotted versus fracture spacing (  ) at different inter-well 
spacing (  ) and fracture length (    combinations (Roussel and Sharma, 2011). 
Considering the previous two figures, the optimum design parameters suggested by 
Roussel and Sharma (2011) is an inter-well spacing equals to the fracture length (      
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     ) and a fracture spacing of (        ) since this combination leads to maximum length 
of             and minimum local stress anisotropy. 
 
Figure ‎2.17: Predicted normalized average stress anisotropy experienced by the middle 
transverse fracture (Roussel and Sharma, 2011). 
2.3 Unlocking Unconventional Reservoirs 
Recent advancement of oil and gas technology has formed a boom of exploring and 
exploiting unconventional resources creating a new energy era of unconventional non-renewable 
sources. Considering the leader of developing those low-permeable formations, US, tight oil, 
tight gas and shale gas are remarkable parts of their current and future energy resources to fulfill 
part of their large consumption and decrease their future imports. Figure ‎2.18 shows the history 
and forecast of total US production by source: (a) tight oil and (b) natural gas production (EIA, 
2013).  
Nowadays, there is a paradigm shift in the US toward cleaner natural gas source, 
compared to coal, as the huge projected shale gas reserves presented in Figure ‎2.18 (b). The 
massive growth of shale gas development accounts for 30% of 2012 US natural gas production 
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with a low price of $2/MMBtu (EIA, 2013). Hydraulic fracturing is the technology that made 
such low-permeable formations economically producible.  
 
Figure ‎2.18: History and projection of total US production by source (a) tight oil (MMbbl/day) 
(b) natural gas (trillion cubic feet) (EIA, 2013).   
2.3.1 Hydraulic Fracturing 
Hydraulic fracturing is the injecting of large fluid volume at high pressure and rate to 
deform the rock and create (cracks) fractures that act as conductive pathways in low-
permeability formations. The hydraulic fractures increase the contact area of the well with the 
formation and provide economical production rates. To hold those fractures open, small particles 
called proppant are carried with the injection fluid to support the fracture openings from closure.   
In 1949, fracturing was firstly introduced to the industry and it rapidly became the operating 
standard with more than 800,000 treatments in 1981 (Veatch, 1983). Nowadays, hydraulic 
fracturing stimulation happens for all unconventional wells. 
2.3.2 Fracture Complexity 
Fracture was assumed to propagate as a simple bi-wing planer crack described using 
linear elastic fracture mechanics. This over simplification of fracture is verified using cores, 
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minebacks and microseismic fracture mapping technology as real fractures showed more 
complex behavior and results (Fisher et al., 2005). Cipolla et al. (2008) categorized fractures 
based on complexity into four types; simple planer, complex planer, complex with fissure 
opening and complex fracture network (Figure ‎2.19). The complex fracture networks can be 
typically visualized using the microseismic fracture mapping example of a Barnett shale vertical 
well treatment shown in Figure ‎2.20 (Fisher et al., 2004).   
 
Figure ‎2.19: Fracture growth and complexity categories (Cipolla et al., 2008). 
      
 
Figure ‎2.20: Fracture treatment map of a vertical well in the Barnett shale (Fisher et al., 2004). 
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2.3.3 Hydraulic Fracture Interaction 
The complex fracture network of shale reservoirs that is verified by microseismic, cores 
and minebacks is a result of the interaction between hydraulic fractures with pre-existing natural 
fractures and fissures. Initially, a hydraulic fracture could grow in the maximum horizontal stress 
direction that later can be arrested to reactivate a natural fracture in the perpendicular direction, 
then it may resume propagating in its original maximum horizontal direction as shown in 
Figure ‎2.21 (Gale et al., 2007). Such ideal interaction mechanism explains the scattered 
microseismic events and the creation of complex fracture networks.  
 
Figure ‎2.21: Schematic representation of hydraulic fracture network growth by interacting with 
natural fractures (Gale et al., 2007). 
There are several factors affecting the interaction criteria including in-situ stresses, 
density of natural fractures, angle of interaction, type of the cementing materials and the 
fracturing parameters. The results of experimental and modeling research studies for the 
interaction factors have been published in the literature. Experimentally, Blanton (1982) 
investigated the effect of the interaction angle and stress anisotropy on the behavior of 
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interaction. He concluded three possible interaction outcomes; crossing, arresting and opening. 
Figure ‎2.22 shows the (a) crossing versus the (b) opening interaction behavior of Devonian shale 
blocks conducted by Blanton (1982) (Keshavarzi and Jahanbakhshi, 2013). 
 
Figure ‎2.22: Interaction outcomes of Devonian shale blocks: (a) crossing and (b) opening 
(Blanton, 1982) (Keshavarzi and Jahanbakhshi, 2013).  
Modeling wise, Olson and Taleghani (2009) investigated the effect of fracturing pressure, 
velocity, stress anisotropy and angle of interaction using a pseudo 3D displacement discontinuity 
model. Relative net pressure (  ) is defined to combine the fracturing fluid pressure (     ) and 
the horizontal in-situ stresses, (     ) and (     ) such that as    increases, fracture is less 
constrained to propagate in       direction: 
   
(           )





The first case is for a horizontal well of 5 injection points, placed in the middle of a 
(300x300x30m) model where 100 natural fractures of 10 m in length are randomly located. The 
hydraulic fracture interaction results at various    are shown in Figure ‎2.23. More interaction 
with natural fracture is allowed as    increases producing different fracture network patterns. 
Another case of a vertical well placed in the middle of (600x300x30m) model with 250 natural 
fractures randomly located is used to investigate the effect of interaction angle. The relative net 
pressure is fixed (    ) but the angle of the natural fractures to the direction of maximum 









results in more hydraulic fracture interaction and more complex fracture networks 
(Figure ‎2.24). 
 
Figure ‎2.23: Hydraulic fracture interaction results for a horizontal well case: (a)    , (b) 
     and (c)       (Olson and Taleghani, 2009). 
 
Figure ‎2.24: Hydraulic fracture interaction results for a vertical well case: (a) 0
o
 to        and 
(b) 5
o
 to        (Olson and Taleghani, 2009). 
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2.4 Fractured Reservoir Modeling 
Fractures exist by nature in hydrocarbon reservoirs and play a significant role in fluid 
movement and extraction. Fractures also are created artificially as propped hydraulic fractures 
and stimulated un-propped natural fractures to maximize the reservoir contact area and drain 
hydrocarbons more effectively. Consequently, fractures are incorporated into reservoir models 
and characterized as another medium (continua) using the dual porosity concept.   
2.4.1 Dual Porosity Model 
The dual porosity model was firstly introduced by Barenblatt et al. (1960) and Warren 
and Root (1963). The later idealized the heterogeneous naturally fractured reservoir into a 
homogenous sugar-cube model (Figure ‎2.25) and provided an analytical solution for well testing 
analysis based on the following fracture-matrix transfer function: 
   
  
 
        
(‎2.3) 
 
Figure ‎2.25: Idealization of heterogeneous naturally fractured reservoir into sugar-cube model 
(Warren and Root, 1963). 
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The transfer function ( ) defines the flow rate per unit volume that is driven by the 
matrix-fracture pressure difference         and scaled by matrix permeability (  ), fluid 
viscosity (  ) and shape factor ( ). Kazemi et al. (1976) provided a numerical solution of Warren 
and Root (1963) model using finite difference approach for an oil/water system.  
The shape factor ( ) is a phase-sensitive geometric factor that characterizes the geometry 
and boundary conditions of the matrix block (Ramirez et al., 2009). Warren and Root (1963) 
shape factor expression was based on the number of normal sets of fractures (n) and the 
characteristic length of matrix blocks ( ): 
  






                                                                               
          ⁄                                                        
                       ⁄                      
 
Using seven-point finite difference numerical solution, Kazemi et al. (1976) proposed the 
following shape factor: 
 
   [
 
   
 
 
   
 
 
   
] (‎2.5) 
Since then, discussions and developments of shape factor have been happening in the literature 
to make it physically more robust. Among those is the rigorous inclusion of gravity effect 
(Gilman and Kazemi, 1993). 
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2.4.2 Dual Permeability Model 
The standard dual porosity model is a single permeability system where flow takes place 
between fracture and matrix only through the previously described transfer function. If there is a 
matrix to matrix flow, it is then considered as a special dual porosity model called dual 
porosity/dual permeability or simply dual permeability. Figure ‎2.26 presents a schematic 
diagram and compares the flow of single porosity, dual porosity and dual permeability models 
(M denotes the matrix and F denotes the fracture).  
 
Figure ‎2.26: Schematic diagram of: (a) single porosity, (b) dual porosity and (c) dual 
permeability models (Doughty, 1999).  
 
2.4.3 Stimulated Reservoir Volume (SRV) Modeling 
The Stimulated Reservoir Volume (SRV) concept was proposed to delineate the 3D 
volume of stimulated fracture networks that were observed and discussed by Fisher et al. 
(2004,2005) and (Mayerhofer et al., 2010) in Barnett shale. Mayerhofer et al. (2006) utilized the 
fracture mapping results to explicitly model a fracture network of the SRV investigating the 
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impact of network size, fracture spacing and conductivity. Cipolla (2009) studied including 
primary propped fracture to the conductive fracture network of the SRV as shown in Figure ‎2.27. 
 
Figure ‎2.27: Effect of primary fracture conductivity on pressure distribution of the SRV after 3 
months and 1 year (Cipolla, 2009). 
 
Due to large pressure drop around high conductive fractures, a more practical solution is 
obtained by modeling hydraulic and secondary fractures explicitly in the matrix continua and 
allow matrix to matrix flow through the use of dual permeability model (Rubin, 2010). With the 
use of local grid refinement (LGR) and logarithmic spacing (LS), Rubin (2010) provided a 
practical methodology to capture transient flow behavior around high conductive fractures using 
dual permeability model without the need for very fine gridding. He also included non-Darcy 
flow, gas adsorption and fracture compaction effect. 
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2.5 Flowback Behavior 
After stimulating the well with hydraulic fracturing, the clean-up process of fracturing 
fluid takes place by flowing back the well. Most shale reservoirs behave as “under saturated with 
respect to water” and trap the fracturing fluid in the small pores and microfractures ending with a 
low water load recovery that ranges from 5 to 50% (King, 2012). The mechanism of water 
imbibition by spontaneous capillary forces could explain the retained water into shale matrix 
(Cheng, 2012; King, 2012; Fakcharoenphol et al., 2013). Also, the increase in natural fracture 
width during stimulation followed by the decrease during production could trap the fracturing 
water into closed fractures (Ehlig-Economides et al., 2012). 
When the spontaneous capillary forces are absent in an oil-wet formation, the low water 
load recovery and imbibition of water into shale formation could be attributed to osmotic 
pressure that is caused by salinity difference between formation and fracturing water. Shale 
formation can act as a membrane that allows water molecules to transport from low-salinity 
fracturing water to high-salinity formation water creating the osmotic pressure that retain some 
water into shale formation to reach equilibrium (Figure ‎2.28) (Fakcharoenphol et al., 2013). 
 
Figure ‎2.28: Idealization of the osmotic pressure created by water salinity difference in shale 




A field observation in Marcellus shale gas shows an impact of the well shut-in period 
after the stimulation treatment on water production rate, gas production rate and water load 
recovery (Cheng, 2012). After a short period of flowback, the well was shut-in for almost 6 
months then re-opened to flow. The shut-in period shows a significant increase in gas rate and a 
decrease in water rate (Figure ‎2.29). The mechanism of water imbibition driven by capillary 
and/or osmotic pressure could explain the dynamic water saturation redistribution during shut-in 
period that could increase gas rate and decrease water rate after an extended shut-in period and 
provide a credible explanation of the low water load recovery.  
 
Figure ‎2.29: Actual production profile of a Marcellus shale gas well showing the effect of well 











CHAPTER 3  
METHODOLOGY 
This chapter demonstrates the research methodology utilized to achieve the stated 
objectives. The generic reservoir model and its features are described in the first section. The 
conducted numerical simulation studies of the thesis are explained in the second section.  
3.1 Generic Reservoir Model 
A conceptual dual permeability reservoir model that runs on a black-oil reservoir 
simulator (IMEX, 2012) as a gas-water system is constructed using generic shale gas data 
(Table ‎3.1). A horizontal well of 1,300 ft. completed section is placed in the model with fracture 
half-length and height of 500 and 300 ft. respectively to make an SRV of (1,300 x 500 x 300 ft.). 
The described horizontal well and its SRV are to be used for all studies in this research to 
conduct reasonable comparison between the stimulation patterns and draw confident conclusions 
about their performance. 
3.1.1 Fracture Modeling 
Fractures are characterized in the generic reservoir model as primary hydraulic fractures 
and secondary induced fractures. The hydraulic fractures are idealized propped planar fractures 
resulted from multi-stage hydraulic fracturing assuming each stimulation stage contains one 
fracture that starts from the injecting points at the wellbore and ends at the specified fracture 
half-length. The secondary induced fractures represent the un-propped fracture networks that are 
stimulated by reactivating pre-existing natural fractures (Figure ‎3.1). These networks consist of 
two orthogonal secondary un-propped fractures in each grid forming a tartan grid.  
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Table ‎3.1: Generic shale reservoir parameters used in the studies 
 
Parameter Value Unit
Model dimensions 2500(i) x 3000(j) x 300(k) ft
Model grid number 50(i) x 60(j) x 10(k) -
Model grid width 50(i) x 50(j) x 30(k) ft
Initial reservoir pressure 3,000 psi
Initial reservoir temperature 100 F
Gas gravity (air=1) 0.818 -
Gas viscosity 0.02 cp
Gas compressibility factor (Z) 1 -
Initial water saturation 0.30 fraction
Water compressibility 3.00E-06 1/psi
Water viscosity 0.96 cp
Rock compressibility 1.00E-06 1/psi
Matrix porosity 0.06 fraction
Matrix permeability 1.50E-04 md
Natural fracture porosity 4.00E-05 fraction
Natural fracture permeability 1.0 md
Natural fracture width 0.001 ft
Natural fracture spacing 50 ft
Shape factor 0.0032 -
Induced secondary fracture permeability 70 md
Induced secondary fracture width 0.01 ft
Hydraulic fracture permeability 70 md
Hydraulic fracture width 0.1 ft
Hydraulic fracture height 300 ft
Hydraulic fracture half-length 500 ft
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Figure ‎3.1: SRV Top-view of the generic model showing primary hydraulic fractures and 
secondary induced fracture networks.  
Primary hydraulic fractures and secondary induced fracture networks are modeled 
explicitly in the matrix as pseudo-sized fractures of 2ft.-wide in the middle of the grid. To 
capture the transient flow behavior around the fractures, the grids are refined using 7x7 local grid 
refinement (LGR) and they are logarithmically spaced (LS). Figure ‎3.2 shows the LGR/LS of the 
50ft. grid blocks into 7 refined grids in x and y directions. The refined grids logarithmically 
increase in size as we go away from the fracture that is placed in the middle refined grid. 
 
 
Figure ‎3.2: Top view of (7x7) grid LGR/LS around hydraulic fractures and fracture networks. 
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3.1.2 Gas Adsorption 
Significant amount of gas produced in shale gas reservoirs is desorbed from the surface 
of the organic content and pores as pressure drops. Therefore, it is crucial to account for 
adsorbed gas in addition to the free gas stored in shale matrix and natural fractures. Langmuir 
isotherm is commonly used to consider this phenomena and it is described by the following 
equation:     
   
   
    
 (‎3.1) 
(  ) is the adsorbed gas content (scf/ton), (  ) is the Langmuir volume (scf/ton) that 
defines the maximum adsorbed gas at the infinite pressure and (    is the Langmuir pressure 
(psi) which represents the pressure at which gas storage equals one half of the maximum storage 
capacity (     Bulk rock density (  ) is used to convert gas content from scf/ft
3
 to scf/ton. In this 
study, Langmuir isotherm is used with the following parameters;               ,    
        and               (Mengal and Wattenbarger, 2011). 
3.1.3 Non-Darcy Flow 
At high velocity, flow tends to deviate from Darcy’s law as flow resistance increases.  
Accounting for non-Darcy flow in high conductive fractures is important but requires modeling 
fractures at true width (0.001 ft.) (Mayerhofer et al., 2006). Rubin (2010) was able to incorporate 
the non-Darcy flow for scaled-up fracture width (2 ft.) to reduce the CPU run-time and memory 
by multiplying the Forchheimer number with a correction factor (     ). The Forchheimer 
number is given by the following equation:  
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where      is a beta factor,    is the fracture permeability,    is the gas density, |  ⃗⃗ ⃗⃗  | is the 
velocity vector and    is the gas viscosity. In our reservoir model, the non-Darcy’s beta factor 
(    ) that is used in the Forchheimer number calculation is found using Evans and Civan (1994) 
correlation: 
     
         
  
      
(‎3.3) 
Using the beta factor correlation, Rubin (2010) derived the following correction factor to modify 
the Forchheimer number when       is used instead of   : 
       (
  
     
)
         
 
(‎3.4) 
3.1.4 Fracture Compaction 
Primary hydraulic fractures are generally assumed to be fully or partially propped but 
secondary fracture networks are less likely to be propped because they are generated by stress-
strain changes during fracturing. Propped, un-propped and weakly propped fractures show stress-
dependent behavior; they tend to close as the effective stress (closure stress) increase as a result 
of depletion. In this study, fracture compaction is to be modeled using a pressure-dependent 
permeability correlation developed by Raghavan and Chin (2002) as follows: 
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       (‎3.5) 
where    is the initial permeability of the fracture,     is a characteristic parameter of the rock 
and    is the pressure drawdown. Using a mid-value of    (    
        , the ratio of 
permeability change (        is calculated as pressure declines from the initial reservoir 
pressure (             (Figure ‎3.3).  
In this study, hydraulic fractures are assumed to be fully propped and their permeability is fixed. 
However, secondary fracture networks permeability is modified using the calculated ratio 
(        as a permeability modifier. 
 
Figure ‎3.3: Pressure-dependent permeability ratio using Raghavan and Chin (2002) correlation. 
 
3.2 Numerical Simulation Studies 
The generic reservoir model presented in Section 3.1 is utilized to conduct two numerical 
simulation studies. Firstly, the stimulation patterns are compared in terms of their production 
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performance and anticipated fracture complexity effect. Secondly, the flowback behavior study 
is conducted to investigate the effect of rock wettability, well shut-in time, natural fracture 
density and capillary pressure. 
3.2.1 Stimulation Patterns Comparison 
The Alternate and Zipper stimulation patterns are proposed to decrease minimum 
fracturing spacing that is constrained by stress interference and to introduce more fracture 
complexity, as discussed in Section 2.2. The optimum fracture spacing predicted by Roussel and 
Sharma (2011) are: 
{
                      
                     
                  
 
The optimum fracture spacings have been modified (rounded up) in our comparison to fit 
the model’s 50 ft. grid size as shown in Table ‎3.2. The resultant number of fractures that can fit 
the 1,300 ft. horizontal well section is shown in the table. Figure ‎3.4 shows the SRVs top-view of 
the three stimulation patterns and their fracture configuration. The Consecutive pattern shows 4 
hydraulic fractures compared to 5 (3 major and 2 minor) in the Alternate pattern and to 5 (3 from 
the same well and 2 from offset wells) in the Zipper pattern. 
Table ‎3.2: Hydraulic fracture spacing and the resultant number of fractures for each stimulation 
pattern 
 
Stimulation Pattern Fracture Spacing Number of Fractures Notes
Consecutive 450 4 4 HFs
Alternate 350 5 3 major and 2 minor
Zipper 350 5 3 from same well and 2 from others
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The Zipper stimulation pattern involves SRV overlapping since some fractures from one 
well are used to stimulate other wells’ SRV. The overlap region has the potential to create 
complex fracture networks, as discussed in Section 2.2.2. Therefore, various well spacing of the 
Zipper pattern will result in different overlap and fracture complexity volumes. The effect of 
SRV overlap is considered through running multiple simulation cases of various well spacing.  
In addition to the base cases of each stimulation pattern, the impact of anticipated fracture 
complexity in the Alternate and Zipper patterns is studied by decreasing the natural fracture 
spacing (increasing density) in the complex fracture region from 50 to 5 ft. The fracture 
complexity is added around the hydraulic fractures that are placed in the altered stress regions as 
discussed in Section 2.2 (around minor Alternate fractures and middle Zipper fractures) 
(Figure ‎3.5). 
3.2.2 Flowback Behavior 
The impact of rock wettability, well shut-in time, capillary pressure and natural fracture 
density on the flowback behavior are studied numerically on the Consecutive stimulation pattern 
considering the imbibition mechanism driven by capillary forces. Firstly, the impact of well shut-
in time on three rock types: water-wet, mixed-wet and oil-wet is investigated. Then, the three 
rock types flowback behavior is compared at the same shut-in time. After that, the impact of 
capillary pressure on the water-wet rock type is studied at different well shut-in times using 
various capillary pressure datasets. Finally, the natural fracture density effect is investigated at 



























CHAPTER 4  
STIMULATION PATTERNS COMPARISON 
The results and discussions of the stimulation patterns comparison study are presented in 
this chapter. The Consecutive, Alternate and Zipper stimulation patterns are compared in the first 
section in terms of their production performance and response to the anticipated fracture 
complexity. A Hybrid Alternate-Zipper stimulation pattern is suggested and compared to the 
other patterns in the second section.  
4.1 Consecutive, Alternate and Zipper patterns 
The Alternate and Zipper patterns are compared to the Consecutive stimulation pattern 
using the generic reservoir model presented in section 3.1. The comparison is conducted for 20 
years of production time. A synthetic intermediate water-wet rock type is used for all cases in the 
comparison (Figure ‎4.1).  
 
Figure ‎4.1: Intermediate water-wet rock type used to compare the stimulation patterns: (a) water 




Assuming slick water is used to stimulate the wells, the reservoir model is initialized with 
20,000 bbls of water injected at a 2,000 bbl/day for 10 days to represent after stimulation status 
of fracturing fluid distribution. Then, the well is shut-in for 90 days to mimic the period between 
the end of stimulation job and start of production. The shut-in period helps to get more stable gas 
and water rates and to minimize the numerical dispersion effects. Then, the well is put on 
production for 20 years at a BHP of 500 psi. 
4.1.1 Production Performance 
The production performance of the Alternate stimulation pattern is compared to the 
Consecutive pattern for 3,000 days in Figure ‎4.2. The reconfiguration of the hydraulic fractures 
placement considering stress interference and spacing, as discussed in section 3.2.1, shows 
slightly higher initial gas rate and earlier production peak for the Alternate pattern.  
 
Figure ‎4.2: Production performance of the Consecutive and Alternate patterns showing gas and 
water production rates for 3,000 days. 
In the SRV of the generic reservoir model used in this study, the Alternate stimulation 
pattern has three major (        ) and two minor (        ) hydraulic fractures while the 
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Consecutive pattern has four (        ) hydraulic fractures (Figure ‎3.4).  The two minor 
hydraulic fractures of the Alternate pattern that replaces one major hydraulic fracture in the 
Consecutive pattern provide more access to the reservoir that helps extracting more gas in the 
early production time. However, cumulatively the Alternate and Consecutive patterns produce 
the same gas and water volume (Figure ‎4.3).  
 
Figure ‎4.3: Cumulative gas and water production of the Consecutive and Alternate patterns for 
20 years. 
The Zipper stimulation pattern involves various well-to-well spacing and consequently 
different SRV overlap volumes (Figure ‎4.4). The production performance of the Zipper 
stimulation pattern is modeled for 5 different well spacing cases. The first case has no SRV 
overlap since the well spacing is double the fracture half-length                          ). 
The fifth case involves the most SRV overlap since the well spacing is 150 ft. more than the 
fracture half-length                    ). Table ‎4.1 shows all production performance 
simulation cases, well spacing and percentage of the middle well SRV overlap volume that is 
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shared with other wells. For example, 15% of the Zipper 2 SRV is shared with the other two 
offset wells. 
 
Figure ‎4.4: Top-view of the SRVs of three parallel wells staggered and overlapped using the 
Zipper stimulation pattern. 
Table ‎4.1: Production performance simulation cases for the three stimulation patterns showing 
well spacing and the percentage of middle well SRV overlap 
 
Stimulation Case Well spacing (ft) SRV overlap (%)
Consecutive 1,000 0
Alternate 1,000 0
Zipper 1 1,000 0
Zipper 2 950 15
Zipper 3 850 31
Zipper 4 750 46
Zipper 5 650 61
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The Zipper stimulation pattern cases are modeled in this study with three wells which is 
the minimum number of wells to implement this pattern. The middle well (HW2) is used in the 
evaluation and comparison of this pattern since it overlaps with the other two wells in both sides 
and considered to be representing the repetitive middle well in this pattern (Figure ‎4.4). 
The middle well production performance of the Zipper pattern cases for 3,000 days is 
presented in (Figure ‎4.5) showing the decrease in gas rate as wells are spaced closer. The reason 
behind the drop in gas rate as well spacing decreases is the reduction in total SRV making wells 
compete in less overall volume. Water rate does not show any difference as wells are spaced 
closer. 
 
Figure ‎4.5: Production performance of the Zipper stimulation pattern showing gas and water 
production rates for 3,000 days. 
Figure ‎4.6 compares all production performance cases shown in (Table ‎4.1). The gas 
production rate of the Consecutive pattern is slightly higher than the base case of the Zipper 
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pattern (Zipper1) that has no SRV overlap since the Consecutive pattern has 4 hydraulic fractures 
while Zipper1 has 3.  
 
Figure ‎4.6: Production performance of the Consecutive, Alternate and Zipper stimulation 
patterns showing gas and water production rates for 3,000 days. 
The Alternate pattern shows the highest gas production rate and earliest gas peak than all 
Zipper cases since its two additional minor hydraulic fractures are propagated form the same 
well while Zipper cases has two hydraulic fractures propagated from other wells and not 
connected to the wellbore. Another difference making the Zipper pattern gas rate less than the 
Alternate pattern is the SRV overlap that makes Zipper wells compete in smaller total SRV. 
Water production rate is the same for all Zipper, Consecutive and Alternate cases. Table ‎4.2 
compares the cumulative gas production of all simulation cases and presents the percentage 




Table ‎4.2: Cumulative gas production of the stimulation patterns and their percentage difference 
to the Consecutive stimulation pattern case 
 
 
4.1.2 Fracture Complexity Effect 
The Alternate and Zipper stimulation patterns have the potential to create complex 
fracture networks because of placing some hydraulic fractures in low stress anisotropy regions as 
discussed in Section 2.2. To investigate the effect of anticipated fracture complexity on the 
performance of Alternate and Zipper patterns, natural fracture spacing is decreased from 50 to 5 
ft. around minor hydraulic fractures of the Alternate pattern and in the SRV overlap regions of 
the Zipper pattern (Figure ‎3.5). Table ‎4.3 compares the anticipated fracture complexity that is 
added for the Alternate and Zipper stimulation patterns in terms of percentage volume of the 
SRV. The fracture complexity percentage volume of the Zipper pattern shown in Table ‎4.3 is 
shared between each two nearby wells. Introducing the complex fracture networks to the 





Zipper 1 3,869 -1.8%
Zipper 2 3,526 -10.5%
Zipper 3 3,372 -14.4%
Zipper 4 3,184 -19.2%
Zipper 5 2,980 -24.3%
Stimulation Pattern




decreases the water rate since more natural fractures are leaking off water into the matrix 
(Figure ‎4.7). The cumulative gas and water production of the base and complex cases of the 
Alternate pattern are presented in (Figure ‎4.8). The fracture complexity increases the cumulative 
gas production by 7% and decreases the cumulative water production by 8%. 
Table ‎4.3: Comparison of the anticipated fracture complexity volumes added to Alternate and 
Zipper stimulation pattern cases 
 
 
Figure ‎4.7: Production performance of the base and complex cases of the Alternate stimulation 
pattern showing gas and water production rates for 3,000 days. 
Case Well spacing (ft) SRV overlap (%) Fracture complexity (%)
Alternate 1,000 0 19
Zipper 1 1,000 0 0
Zipper 2 950 15 15
Zipper 3 850 31 31
Zipper 4 750 46 46




Figure ‎4.8: Cumulative gas and water production of base and complex cases of the Alternate 
stimulation pattern for 20 years. 
The Zipper stimulation pattern appears to be less sensitive than the Alternate pattern to 
the anticipated fracture complexity that is introduced in the SRV overlap regions. The fracture 
complexity introduced to Zipper 2 and 3 simulation cases does not improve the gas production 
performance significantly (Figure ‎4.9). The effect of complexity starts to play a role when the 
wells are spaced 750 ft. apart (Zipper 4) and the effect is the most for the closest well spacing 
(Zipper 5) where the complex fracture region is the biggest (Figure ‎4.10). Unlike the Alternate 
pattern, having the complex fracture region away and not connected the wellbore weakens its 
effect and delays its impact on the production performance. Another reason is the fact that the 
complex fracture region is shared with other wells and they are competing in smaller total SRV. 
The impact of fracture complexity on the cumulative gas production of all cases is shown in 
Table ‎4.4. The fracture complexity increases the cumulative gas production of the Alternate 




Figure ‎4.9: Production performance of the base and complex cases of Zipper 2 and 3 showing 
gas and water production rates for 3,000 days. 
 
Figure ‎4.10: Production performance of the base and complex cases of Zipper 4 and 5 showing 
gas and water production rates for 3,000 days. 
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Table ‎4.4: Cumulative gas production comparison between base and complex cases of the 
Consecutive, Alternate and Zipper stimulation patterns 
 
 
4.2 Hybrid Alternate-Zipper Pattern 
The Alternate stimulation pattern showed the potential of high production performance 
when fracture complexity is introduced. The well staggering and overlapping features of the 
Zipper stimulation pattern makes more efficient fracture placement and potential complex 
fractures. Those benefits triggered the idea of hybridizing the Alternate and Zipper patterns into 
one. The suggested Hybrid Alternate-Zipper pattern is made by staggering and overlapping the 
Alternate pattern wells so the major hydraulic fracture faces and interferes with the minor 
hydraulic fracture of the other wells (Figure ‎4.11).  
The pattern has only one well-to-well spacing option (850 ft.) as the aligned minor and 
major hydraulic fracture from opposite wells restricts the well spacing to their total length. 
Base Case Complex
Consecutive 3,939 n/a n/a
Alternate 3,939 4,220 7.1%
Zipper 1 3,869  n/a  n/a 
Zipper 2 3,526 3,534 0.2%
Zipper 3 3,372 3,383 0.3%
Zipper 4 3,184 3,218 1.1%
Zipper 5 2,980 3,054 2.5%
% differenceStimulation Pattern
Cumulative Gas Production (MMscf)
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Therefore, the studied Hybrid Alternate-Zipper pattern has a similar SRV overlap volume to 
Zipper 3 case (31%).  
 
Figure ‎4.11: Top-view of the SRVs of three Alternate pattern wells staggered and overlapped to 
form the hybrid Alternate-Zipper stimulation pattern. 
4.2.1 Production Performance 
The gas and water production rates of the proposed Hybrid pattern to Alternate and 
Zipper 3 cases are compared in Figure ‎4.12. The Hybrid pattern shows a similar initial gas peak 
to the Alternate pattern which is higher than Zipper 3 case. After 500 days of production, the 
Hybrid pattern gas rate starts to deviate from the Alternate case as it experiences more gas rate 
decline until it matches that of Zipper 3 after 1,700 days. The suggested Hybrid design seems to 
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take the advantage of the middle minor hydraulic fractures of the Alternate pattern to provide 
higher gas rate than Zipper 3 in the early time. After 500 days, the deviation from the Alternate 
pattern gas rate happens because the Hybrid pattern starts to feel the competition with other wells 
since it involves SRV overlap and less total reservoir volume compared to the Alternate pattern. 
In terms of water production, there is no significant water production difference between the 
Hybrid, Alternate and Zipper 3 cases. 
 
Figure ‎4.12: Production performance of the Hybrid stimulation pattern compared to Alternate 
and Zipper 3 base cases showing gas and water production rates for 3,000 days. 
4.2.2 Fracture Complexity Effect 
The fracture complexity in the suggested Hybrid pattern is anticipated as near-well 
complexity around the middle minor fractures as in the Alternate pattern and as far-field 
complexity in the overlap regions (Figure ‎4.11). The percentage volume of the anticipated 
fracture complexity in the Alternate, Zipper 3 and Hybrid patterns is compared in Table ‎4.5. The 
base and complex cases of the Hybrid pattern are compared to the Alternate and Zipper 3 in 
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Figure ‎4.13. The Hybrid pattern combines the fracture complexity of the Alternate and Zipper 
patterns to a total of 50% of the SRV. The high anticipated fracture complexity of the Hybrid 
pattern and the proper fracture placement by staggering and overlapping results in an earlier and 
higher gas peak compared to the complex Alternate case. 
Table ‎4.5: Comparison of the anticipated fracture complexity volumes added to Alternate, Zipper 




Figure ‎4.13: Production performance of the base and complex cases of Hybrid pattern compared 
to Alternate and Zipper 3 patterns showing gas production rate for 3,000 days. 
 
Case Well Spacing (ft) SRV Overlapping (%) Fracture Complexity (%)
Alternate 1,000 0 19
Zipper 3 850 31 31
Hybrid 850 31 50
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The cumulative gas production of the Alternate, Zipper 3 and Hybrid patterns is 
compared in Table ‎4.6. Cumulatively, the Alternate pattern produces the most gas volume among 
the base and complex cases because the Hybrid pattern has less total volume as a result of SRV 
staggering and overlapping.  
Table ‎4.6: Cumulative gas production comparison between base and complex cases of Alternate, 











Alternate 3,939 4,220 7%
Zipper 3 3,372 3,383 0.3%
Hybrid 3,484 3,925 13%
Stimulation Pattern




CHAPTER 5  
FLOWBACK BEHAVIOR 
The results of the flowback behavior study are presented in this chapter. The effect of 
different well shut-in time on flowback behavior of three rock types categorized by wettability is 
demonstrated in the first section. The effect of rock type on flowback behavior at the same shut-
in time is shown in the second section. Capillary pressure and natural fracture density effect on 
flowback behavior is discussed in the third and fourth sections, respectively. 
5.1 Effect of Well Shut-in Time 
Well shut-in time affects water, gas production rates and ultimately the water load 
recovery as has been noticed in some field production cases (Cheng, 2012). The shut-in time 
allows fluids to dynamically move and redistribute in the system depending on the properties and 
physical mechanisms of the rock. 
The effect of shut-in time is studied on the Consecutive stimulation pattern considering 
three generic rock types; strong, intermediate and weak water-wet. These rock types that are 
based on wettability involve typical synthetic relative permeability (Figure ‎5.1) and capillary 
pressure (Figure ‎5.2) datasets. Strong water-wet rock type is defined with low water relative 
permeability (wetting phase), high gas relative permeability (non-wetting phase) and positive 
capillary pressure that imbibe water spontaneously. On the other hand, weak water-wet rock type 
is defined with low gas relative permeability, high water relative permeability and negative 
(forced) capillary pressure at high water saturation that needs to be overcome to imbibe water 
into matrix. Intermediate gas and water relative permeabilities with both forced and spontaneous 
capillary pressure are characterizing the intermediate water-wet rock.  
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The well performance of the Consecutive stimulation pattern is predicted numerically for 
the three rock types at three shut-in times; 0, 30 and 90 days. The results show how the 
mechanism of water imbibition from fracture to matrix works as a function of shut-in time, how 
it affects the well performance and eventually the cumulative production of gas and water. 
 
Figure ‎5.1: Gas and water relative permeability for strong, intermediate and weak water-wet rock 
types modified after (Fakcharoenphol et al., 2013). 
 
Figure ‎5.2: Capillary pressure for strong, intermediate and weak water-wet rock types modified 
after (Fakcharoenphol et al., 2013). 
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5.1.1 Case 1: Strong Water-wet Rock 
The first predicted well performance results are for the strong water-wet rock type. 
Figure ‎5.3 shows the gas and water production rates after 0, 30 and 90 days of shut-in time for 
400 days of production. The figure shows a significant increase in the initial gas rate as shut-in 
time increases while water production rate experiences a decrease as we shut-in for longer time. 
Cumulatively, the total gas recovered from the reservoir is not affected by the shut-in time 
(Figure ‎5.4); the shut-in time helps accelerating the gas production only. However, the water 
load recovery is decreased as shut-in time increases (Figure ‎5.4) since the spontaneous capillary 
pressure of the water-wet rock imbibes and retains more water into the pores as time passes.  
 
Figure ‎5.3: Flowback behavior of the strong water-wet case showing gas and water production 
rates after various shut-in times (0, 30, 90 days). 
The mechanism of water imbibition from fracture to matrix can be visualized using the 
dynamic water saturation profile of fracture and matrix continua around the hydraulic fracture 
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that are presented in Figure ‎5.5 and Figure ‎5.6. Fracture water saturation around hydraulic 
fractures shows a large drop over shut-in time especially near the fracture face (Figure ‎5.5).  
 
Figure ‎5.4: Cumulative gas and water production of the strong water-wet case for 20 years after 
various shut-in times (0, 30, 90 days). 
 
Figure ‎5.5: Fracture water saturation profile around the hydraulic fracture (both sides) of the 




Figure ‎5.6: Matrix water saturation profile around the hydraulic fracture (both sides) of the 
strong water-wet case during the shut-in period. 
This decrease in fracture water saturation is accompanied by an increase in the matrix 
water saturation as shown in Figure ‎5.6. The difference in magnitude of water saturation change 
between fracture and matrix is because of the storativity difference (fracture porosity=0.00004 
and matrix porosity=0.06). 
5.1.2 Case 2: Intermediate Water-wet Rock 
The intermediate water-wet case shows a similar behavior to the strong water-wet in 
terms of the gas rate increase and water rate decrease as shut-in time increases but with lower 
magnitude. The effect of shut-in time on increasing the gas rate and decreasing the water rate is 
shown in Figure ‎5.7 while the decrease in water load recovery as shut-in time increases with no 
effect on the total gas production is presented in Figure ‎5.8. The intermediate water-wet rock 
type is characterized with lower water relative permeability and less spontaneous capillary force 
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compared to the strong water-wet. Therefore, the mechanism of imbibition that sucks water into 
matrix over time is less. 
 
Figure ‎5.7: Flowback behavior of the intermediate water-wet case showing gas and water 
production rates after various shut-in times (0, 30, 90 days). 
 
Figure ‎5.8: Cumulative gas and water production of the intermediate water-wet case for 20 years 
after various shut-in times (0, 30, 90 days). 
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The dynamic water saturation profile in the fracture (Figure ‎5.9) and the matrix 
(Figure ‎5.10) that shows the decrease in fracture water saturation opposed to the increase in the 
matrix water saturation proving the weaker water imbibition mechanism of the intermediate 
water-wet case compared to the strong water-wet. Since the imbibition of water is weaker, less 
variation in gas and water rate is observed with time and more water load is recovered. 
 
Figure ‎5.9: Fracture water saturation profile around the hydraulic fracture (both sides) of the 
intermediate water-wet case during the shut-in period. 
 
Figure ‎5.10: Matrix water saturation profile around the hydraulic fracture (both sides) of the 
intermediate water-wet during the shut-in period. 
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5.1.3 Case 3: Weak Water-wet Rock 
Weak water-wet case is the least sensitive to the effect of shut-in time due to the absence 
of the spontaneous capillary force that helps imbibing water into matrix. A negligible increase in 
the initial gas production rate and minor decrease in water production rate over shut-in time is 
shown in Figure ‎5.11.  
 
Figure ‎5.11: Flowback behavior of the weak water-wet case showing gas and water production 
rates after various shut-in times (0, 30, 90 days). 
 
The decrease in water load recovery as shut-in time increases is the minimum compared 
to the other two cases and the cumulative gas production stays the same at different shut-in times 
(Figure ‎5.12).  A slight fracture water saturation decrease around the hydraulic fracture opposed 
to an insignificant matrix water saturation increase over time is demonstrated in Figure ‎5.13 and 




Figure ‎5.12: Cumulative gas and water production of the weak water-wet case for 20 years after 
various shut-in times (0, 30, 90 days). 
 
Figure ‎5.13: Fracture water saturation profile around the hydraulic fracture (both sides) of the 





Figure ‎5.14: Matrix water saturation profile around the hydraulic fracture (both sides) of the 
weak water-wet case during the shut-in period. 
5.2 Effect of Rock Type 
Comparing the flowback behavior of the three rock types after 90 days of shut-in shows 
the superiority of the strong water-wet case in raising the gas production peak and accelerating 
the recovery of gas while decreasing the water rate. The gas rate peak of the water-wet is double 
that of weak water-wet case and it is 120 days earlier as shown in Figure ‎5.15.  
 
Figure ‎5.15: Flowback behavior of the for strong, intermediate and weak water-wet rocks after 
90 days of shut-in time showing gas and water production rates for 4,000 days. 
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Cumulatively, the strong water-wet case produces the most gas and least water among the 
three cases. The cumulative gas production of the strong water-wet case is 50% more than the 
weak water-wet case (Figure ‎5.16) while the cumulative water production of the weak water-wet 
case is 62% more than the strong water-wet case (Figure ‎5.17).  
 
Figure ‎5.16: Cumulative gas production of the strong, intermediate and weak water-wet rocks for 
20 years after 90 days of shut-in. 
 
Figure ‎5.17: Cumulative water production of the strong, intermediate and weak water-wet rocks 
for 20 years after 90 days of shut-in. 
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5.3 Effect of Capillary Pressure 
The effect of shut-in time on the flowback behavior of various rock wettabilities has been 
demonstrated in Section 5.1. The mechanism of water imbibition into the matrix is controlled 
significantly by capillary forces. In this section, the effect of spontaneous capillary pressure on 
the flowback behavior of the strong water-wet rock type is investigated using three capillary 
pressure datasets; low, intermediate and high (Figure ‎5.18). The data sets are scaled as follows: 
{
                    
                    
 
  




The predicted gas production rate of the three capillary pressure datasets after 0, 30 and 
90 days of shut-in time for 1,000 days is presented in Figure ‎5.19. As shown in the figure, higher 
capillary pressure yields to higher initial gas rates and earlier gas peaks; since more water is 
imbibed into the matrix and less water is facing the gas as it flows from matrix, fractures to 
wellbore. The decrease in water rate as capillary pressure increases is shown in Figure ‎5.20. The 
average increase in gas production rate and decrease in water rate as we increase the capillary 
pressure from low, intermediate to high is almost by same magnitude although the capillary 
pressure is raised by a factor of 10 from low to intermediate and by a factor of 3 from 
intermediate to high.  
The effect of shut-in time on the gas and water production rates becomes more significant 
at higher capillary pressure and early production time.  The separation between the shut-in time 
curves of each capillary pressure dataset is the largest for the highest capillary pressure case at 
the early production time. 
Visualizing the dynamic water saturation profile in the fracture and matrix of high 
(Figure ‎5.21), intermediate (Figure ‎5.22) and low (Figure ‎5.23) capillary pressure cases proves 
the role of water imbibition from fracture to matrix that is controlled by capillary pressure in 
affecting the flowback behavior. The high capillary pressure case shows the largest drop in the 
fracture water saturation and largest increase in the matrix water saturation while the low case 
shows the smallest water saturation drop in the fracture and increase in the matrix.  
Cumulatively, there is no significant difference in the cumulative gas production among 
the three cases, yet water load recovery shows large difference (Figure ‎5.24). The low capillary 




Figure ‎5.19: Gas production rate for the; high, intermediate and low capillary pressure cases after 
0, 30 and 90 days of shut-in time for 1,000 days. 
 
Figure ‎5.20: Water production rate for the; high, intermediate and low capillary pressure cases 




Figure ‎5.21: Water saturation profile around the hydraulic fracture (both sides) of the high 
capillary pressure case during shut-in period in; (a) fracture and (b) matrix.  
 
Figure ‎5.22: Water saturation profile around the hydraulic fracture (both sides) of the 
intermediate capillary pressure case during shut-in period in; (a) fracture and (b) matrix. 
 
Figure ‎5.23: Water saturation profile around the hydraulic fracture (both sides) of the low 




Figure ‎5.24: Cumulative gas and water production for 20 years of the; high, intermediate and low 
capillary pressure cases after 90 days of shut-in time. 
 
5.4 Effect of Natural Fracture Density 
The mechanism of water imbibition into matrix that is considered in studying the 
flowback behavior in this chapter is driven by capillary pressure and conducted through fracture-
matrix communication using the dual permeability model. This section aims to investigate the 
effect of natural fracture density on flowback behavior for various shut-in times. To increase the 
natural fracture density and introduce more natural fractures into the model, the natural fracture 
spacing of the strong water-wet rock type is decreased from 50 ft. to 5 ft. to 0.5 ft. The gas and 
water production rates of the three natural fracture spacing cases for various shut-in times are 
shown in Figure ‎5.25 and Figure ‎5.26, respectively. As natural fracture spacing decreases and 
natural fracture density increases, higher initial gas production rates, earlier gas peaks and lower 




Figure ‎5.25: Gas production rate for the; 50 ft., 5.0 ft. and 0.5 ft. natural fracture spacing cases 
after 0, 30 and 90 days of shut-in time for 1,000 days. 
 
Figure ‎5.26: Water production rate for the; 50 ft., 5 ft. and 0.5 ft. natural fracture spacing cases 
after 0, 30 and 90 days of shut-in time for 1,000 days. 
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As noticed in section 5.1, the shut-in time does not affect the cumulative gas production, 
but accelerates the gas recovery by providing higher initial gas rates. Yet, the water load 
recovery is decreased as shut-in time increases. The decrease in the cumulative water production 
is larger when more natural fractures exist as shown in Table ‎5.1.  
Table ‎5.1: Cumulative water production comparison between the; 50 ft., 5 ft. and 0.5 ft. natural 












0 days 90 days
50 ft. 11,295 9,544 -15.5%
5.0 ft. 10,856 9,033 -16.8%
0.5 ft. 10,374 8,082 -22.1%
Natural Fracture 
Spacing




CHAPTER 6  
ECONOMIC EVALUATION AND SENSITIVITY ANALYSIS  
An economic evaluation and comparison of the stimulation patterns is conducted using 
NPV approach in the first section. The sensitivity of the model to some of the input parameters is 
analyzed in the second section. 
6.1 Economic Evaluation 
The stimulation patterns studied in this research involve various costs and benefits. The 
cost of fracturing among the stimulation patterns is different as the number of hydraulic fracture 
stages varies. The revenue of the investment which is the volume of recovered gas is another 
variable. The results of an economic evaluation and comparison of the stimulation patterns is 
presented in this section using NPV approach that considers costs, benefits and the time value of 
money. The NPV is calculated by summing the year-end discounted net cash flows as described 
by the following equation: 
    ∑
              
                  
 
   
 (‎6.1) 
The economic parameters used in this evaluation are listed in Table ‎6.1. The Alternate 
pattern fracturing cost is 30% more than the regular cost based on the assumption that the 
Alternate pattern fracturing requires special down-hole tool that goes back and forth between the 




The economic evaluation is conducted in two sections. Firstly, the well NPV of all 
stimulation patterns is evaluated and compared. Secondly, to eliminate the reservoir volume 
difference because of SRV overlapping, the NPV of developing a similar total reservoir volume 
using each stimulation pattern is evaluated and compared.  
Table ‎6.1: Economic parameters used in evaluating and comparing the stimulation patterns 
modified after (Sahai et al., 2013) 
 
 
6.1.1 Well NPV Comparison 
The studied stimulation patterns in this research are economically evaluated and 
compared in this section based on the NPV of the well.  Sample NPV calculations of the 
Consecutive stimulation pattern well are illustrated in Table ‎6.2. The NPV calculation of the 
other stimulation patterns is conducted similarly with varying necessary changes (gas production 
volume, number of hydraulic fracturing stages and the resultant stimulation cost). The well NPV 
of all stimulation patterns is summarized in Table ‎6.3.    
The Consecutive stimulation pattern well has slightly less NPV than the base case of 
Zipper pattern (Zipper 1) although it produces cumulatively more gas since the Consecutive 




Fracture cost per stage (Consecutive & Zipper) $305,000




closer, the SRV overlapping and the total smaller reservoir volume reduced the cumulative gas 
production per well and consequently reduces their NPVs. 
The Alternate pattern has lower well NPV than the Consecutive since it is associated with 
higher cost of fracturing (more number of stages and higher cost per stage) although they 
cumulatively produce the same gas volume. Also, the higher cost of fracturing in the Hybrid 
pattern makes Zipper pattern well economically more valuable (higher NPV).  
The anticipated fracture complexity makes the Hybrid pattern the most economical well 
followed by the Alternate pattern whereas the Zipper pattern does not show a significant 
improvement because of fracture complexity.  
 












































Total 3,938,771 15,755,083 2,400,000 1,220,000 3,620,000   12,135,083 5,445,899   
0      4.00         2,400,000 1,220,000 3,620,000   -3,620,000  -3,620,000  -3,620,000 
1      406,555    406,555    4.00    1,626,218   1,626,218   -1,993,782  1,550,538   
2      435,582    842,137    4.00    1,742,329   1,742,329   -251,453     1,510,223   
3      388,047    1,230,184 4.00    1,552,190   1,552,190   1,300,737   1,223,103   
4      294,799    1,524,983 4.00    1,179,194   1,179,194   2,479,931   844,716      
5      279,659    1,804,642 4.00    1,118,636   1,118,636   3,598,567   728,487      
6      246,141    2,050,783 4.00    984,565      984,565      4,583,132   582,887      
7      219,300    2,270,083 4.00    877,199      877,199      5,460,331   472,112      
8      197,926    2,468,008 4.00    791,702      791,702      6,252,033   387,362      
9      179,247    2,647,256 4.00    716,990      716,990      6,969,023   318,915      
10    164,055    2,811,311 4.00    656,219      656,219      7,625,243   265,350      
11    151,171    2,962,482 4.00    604,685      604,685      8,229,927   222,283      
12    140,509    3,102,991 4.00    562,036      562,036      8,791,963   187,823      
13    130,560    3,233,551 4.00    522,241      522,241      9,314,205   158,658      
14    122,216    3,355,768 4.00    488,866      488,866      9,803,070   135,017      
15    114,871    3,470,639 4.00    459,486      459,486      10,262,556 115,366      
16    108,651    3,579,289 4.00    434,602      434,602      10,697,158 99,199        
17    102,541    3,681,831 4.00    410,164      410,164      11,107,322 85,110        
18    97,333      3,779,164 4.00    389,332      389,332      11,496,655 73,443        
19    92,639      3,871,803 4.00    370,558      370,558      11,867,213 63,546        
20    66,968      3,938,771 4.00    267,870      267,870      12,135,083 41,761        
75 
 
Table ‎6.3: Well NPV of base and complex cases of all stimulation patterns 
 
 
6.1.2 Sector NPV Comparison 
It is more practical and representative to evaluate the economics of developing a certain 
reservoir volume (sector) using each stimulation pattern since well NPV comparison does not 
take into account the SRV overlap and the difference in total reservoir volume. The sector NPV 
approach compares the total NPV of all wells used to develop a specific reservoir sector using 
different stimulation patterns. Since the Zipper stimulation pattern involves SRV overlapping 
between wells, the total SRV for a given number of wells of the Zipper pattern is less than that of 
the Consecutive and Alternate patterns. Table ‎6.4 shows the number of Consecutive or Alternate 
wells that can be used to develop an equivalent total SRV to 14 Zipper wells. Since there is no 
SRV overlap in Zipper 1 case, 14 Zipper 1 SRVs equal to the SRV of 14 Consecutive or 
Alternate wells in Sector A. As well spacing of the Zipper pattern decreases, the equivalent 
number of Consecutive or Alternate wells reduces by one ending with Sector E where 10 SRVs 




Zipper 1 5,542,468  n/a 
Zipper 2 4,903,766 4,920,193
Zipper 3 4,643,990 4,673,642
Zipper 4 4,309,202 4,394,064
Zipper 5 3,918,663 4,107,938
Hybrid 3,714,055 5,649,733
Stimulation Pattern
Net Present Value ($)
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Table ‎6.4: Comparison of the number of Consecutive or Alternate pattern wells that have the 
same total SRV of 14 Zipper wells 
 
6.1.2.1 Consecutive, Alternate and Zipper Patterns 
The NPV comparison is conducted for all sectors presented in Table ‎6.4 considering the 
base and complex cases of Consecutive, Alternate and Zipper patterns. The NPV calculation 
takes into account the difference in performance between offset and inner wells in the Zipper 
pattern. Table ‎6.5 compares the NPV for developing a specific reservoir volume (sector) using 
the Consecutive, Alternate and Zipper stimulation pattern according to their SRV relation shown 
in Table ‎6.4. The results of Table ‎6.5 are plotted in Figure ‎6.1. 
Table ‎6.5: Sector NPV comparison of the stimulation patterns cases (base and complex) for 
sectors defined in Table ‎6.4 
 
A Zipper 1 1,000 14 14
B Zipper 2 950 14 13
C Zipper 3 850 14 12
D Zipper 4 750 14 11




# of  Zipper 
Wells
# of  Consecutive 
or Alternate Wells
Base case Complex Base case Complex
A 76,242,588      66,218,292 78,390,658 77,594,549 77,594,549
B 70,796,689      61,488,414 72,791,325 68,989,691 69,202,029
C 65,350,790      56,758,536 67,191,993 65,645,303 66,031,835
D 59,904,891      52,028,658 61,592,660 61,280,495 62,356,630
E 54,458,992      47,298,780 55,993,327 56,046,320 59,138,352
Sector






Figure ‎6.1: Sector NPV comparison of the stimulation patterns (base and complex) for sectors 
defined in Table ‎6.4. 
 
Comparing Zipper 1 and Consecutive cases in Sector A shows that the Zipper pattern has 
more NPV than the Consecutive since Zipper 1 has 3 fracturing stages compared to 4 in the 
Consecutive (more fracturing cost). In sector B, 14 Zipper 2 wells have an equivalent total SRV 
to 13 Consecutive or Alternate wells because of SRV overlapping in Zipper 2 case. As the 
production competition begins in Zipper 2 case, NPV drops below that of the Consecutive case. 
Reducing the number of Consecutive wells by one more in Sector C yields to higher NPV of the 
Zipper pattern for base and complex cases. Sector D and E show that the Zipper pattern results in 
more NPV difference compared to the Consecutive pattern as Zipper wells are spaced closer. 
The previous comparison of the Zipper to the Consecutive pattern shows that from Sector C, the 
cost of drilling more Zipper wells than Consecutive is covered by the extra revenue generated by 
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placing the Zipper wells closer. This indicates that the Zipper pattern becomes more efficient as 
wells as spaced closer. 
The high fracturing cost of the Alternate pattern makes it not economical when compared 
to Consecutive and Zipper patterns unless the fracture complexity is introduced. Among the 
complex cases, the Alternate pattern scores the highest NPV for Sector A, B and C. In Sector D 
and E, The fracture complexity and close well spacing makes the Zipper pattern has more NPV.   
6.1.2.2 Hybrid Alternate-Zipper Pattern 
The Hybrid Alternate-Zipper pattern was proposed in this thesis to take advantages of the 
Alternate and Zipper patterns. The Hybrid pattern is made by staggering and overlapping the 
Alternate pattern wells. The production performance of the Hybrid pattern was compared to 
Alternate pattern as base and complex cases. Also, it was compared to Zipper 3 case which has 
the same well spacing and consequently the same SRV overlap volume (Section 4.2).  
Economically, the Hybrid pattern is compared against Alternate and Zipper 3 using the 
defined sector C where 12 Alternate wells have the same total SRV as 14 hybrid or Zipper 3 
wells. The Hybrid to Alternate and Zipper 3 patterns are compared in terms of their NPVs in 
developing Sector C in Table ‎6.6. Although the Alternate pattern yields the highest cumulative 
gas among the three patterns, as discussed in Section 4.2.2, Zipper 3 has the highest NPV for 
base cases comparison since it has low cost of stimulation (3 fracturing stages in Zipper 
compared to 5 in Alternate and Hybrid patterns). Yet the anticipated introduced fracture 
complexity overcomes that cost and makes the Hybrid pattern the most economical among the 
complex cases studied.     
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Table ‎6.6: Comparison of the stimulation patterns’ NPV (base and complex) of Sector C defined 
in Table ‎6.4 
 
 
6.2 Sensitivity Analysis 
The stimulation patterns comparison involves assumed uncertain input data. The 
following sensitivity analysis aims to investigate the effect of the uncertain parameters on the 
cumulative gas production for 20 years of the Alternate stimulation pattern. The Alternate pattern 
is selected for sensitivity analysis since it showed a high production performance potential with 
fracture complexity and it is used to create the suggested Hybrid pattern. 
6.2.1 Fracturing Parameters 
The sensitivity of the cumulative gas production to the main fracturing parameters is 
investigated by varying the base case parameters by 50%. The sensitivity parameters and their 
base, higher and lower values are listed in Table ‎6.7. The sensitivity analysis results of the 
fracturing parameters are illustrated in Figure ‎6.2. The cumulative gas production appears to be 
most sensitive to the SRV conductivity followed by the HF conductivity and the least change is 
caused by the minor HF length. The decrease in SRV and HF conductivity affects the cumulative 
gas production more than the increase.   
Table ‎6.7: Parameters and values used to conduct the sensitivity analysis of the fracturing 
parameters 
Base case Complex Base case Complex Base case Complex
C 65,350,790     56,758,536 67,191,993 65,645,303 66,031,835 51,996,771 79,096,256








Figure ‎6.2: Cumulative gas production sensitivity to the 50% change in the fracturing 
parameters. 
 
6.2.2 Fracture Complexity 
The anticipated fracture complexity in this study was modeled by decreasing the natural 
fracture spacing from 50 to 5ft. (increase natural fracture density). The introduced fracture 
complexity indicated various impacts to the studied stimulation patterns. The Alternate pattern 
showed the highest production performance improvement because of the fracture complexity. To 
investigate the sensitivity of the cumulative production performance to fracture complexity, the 
natural fracture spacing is varied by 50% (higher value=8 and lower value=2). More cumulative 
Parameter Lower Value Base Case Higher Value Unit % difference
HF Conductivity 3.5 7.0 10.5 md.ft. 50%
SRV Conductivity 0.35 0.70 1.05 md.ft. 50%
Minor HF length 150 300 450 ft. 50%
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gas production sensitivity to the increase in natural fracture spacing than the decrease is shown in 
Figure ‎6.3. 
 
Figure ‎6.3: Cumulative gas production sensitivity to the 50% change in the fracture complexity 
(NF spacing). 
 
6.2.3 Reservoir Energy 
The matrix porosity and reservoir pressure parameters are varied by 30% as shown in 
Table ‎6.8 to find the sensitivity of the cumulative gas production to the reservoir energy. 
Figure ‎6.4 shows higher sensitivity to the reservoir pressure than matrix porosity. 
Table ‎6.8: Parameters and values used to conduct the sensitivity analysis of the reservoir energy 
parameters 
 
Parameter Lower Value Base Case Higher Value Unit % difference
Matrix Porosity 0.042 0.06 0.078 fraction 30%





















CHAPTER 7  
CONCLUSIONS AND RECOMMENDATIONS 
The conclusions of this research along with the recommendations for future work are 
presented in this chapter.   
7.1 Conclusions 
Two numerical studies are conducted in this thesis. Firstly, the fluid flow of new 
stimulation patterns was modeled to evaluate and compare them from production performance 
and economic points of view. In the second study, the effect of well shut-in time, rock 
wettability, capillary pressure and natural fracture spacing have been investigated on flowback 
behavior. The conclusions are shown in the following two sections. 
7.1.1 Stimulation Patterns Comparison 
The following conclusions can be drawn from the stimulation pattern comparison study: 
 Comparing the stimulation patterns involves considering different factors and 
variables including number and length of hydraulic fractures, near-well versus 
far-field fracture complexity, SRV overlap and associated wells production 
competition. 
 Optimizing the stimulation patterns needs considering various evaluation 
parameters including production rate, cumulative production, response to fracture 
complexity and NPV.  
 The Alternate stimulation pattern makes higher production rate and ends with 
more cumulative production than the Zipper pattern because of the difference in 
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number of fractures connected to the wellbore; all fractures of the Alternate 
pattern are propagated from the wellbore while the Zipper pattern uses fractures 
from other wells to stimulate the SRV and to introduce the anticipated fracture 
complexity. 
 The SRV overlap in the Zipper pattern creates production competition and 
reduces the gas production per well. However, as Zipper wells are spaced closer 
and their SRVs are more overlapped, higher fracture complexity is anticipated and 
economically higher NPV is estimated. This indicates that the Zipper pattern 
becomes more efficient as wells are spaced closer. 
 The anticipated fracture complexity in the Alternate stimulation pattern has good 
potential to improve the production performance while the Zipper pattern shows a 
weaker and later response to the anticipated fracture complexity since it is 
introduced away from the wellbore, in the overlap region. 
 According to the Sector NPV calculations that considers costs, benefits and SRV 
overlap, the Zipper pattern is more economical than the Alternate when the Zipper 
wells are spaced 750 ft. or less and fracture complexity is introduced. 
 The suggested Hybrid Alternate-Zipper pattern is made by staggering and 
overlapping the Alternate pattern wells to take advantage of the early high 
production performance of the Alternate pattern and efficient fracture placement 
because of the staggering feature in the Zipper pattern. The Hybrid Alternate-
Zipper pattern shows cumulatively more production than the Zipper pattern but 
less than the Alternate. 
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 The anticipated fracture complexity in the Hybrid pattern yields to the highest 
NPV among the stimulation patterns since it combines the anticipated near-well 
complexity in the Alternate pattern, far-field complexity in the overlap regions of 
the Zipper pattern and provides efficient fracture placement by staggering and 
overlapping wells.     
7.1.2 Flowback Behavior 
The following conclusions can be drawn from the flowback behavior study: 
 The imbibition mechanism of water into matrix, driven by capillary forces, helps 
to explain the low water load recovery and the dynamic water saturation 
redistribution during the shut-in period. 
 The spontaneous capillary pressure in the strong water-wet rock type helps imbibe 
the fracturing fluid (water) into the matrix and eliminate the fracture water 
blockage. On the other hand, the weak water-wet rock type imbibes less water due 
to the lack of spontaneous capillary forces. Therefore, more water stays in the 
fractures delaying the gas extraction, producing more water and eventually 
reducing the gas recovery. 
 The effect of well shut-in time on increasing the gas production rate and 
decreasing the water rate diminishes as the rock type becomes less water-wet. 
 Comparing the flowback behavior of the three rock types after 90 days of shut-in 
shows the superiority of the strong water-wet rock in raising the gas production 
peak, accelerating the production of gas, decreasing the water load recovery and 
86 
 
increasing the cumulative gas production. The cumulative gas production of the 
strong water-wet case is 50% more than the weak water-wet case. 
 Higher capillary pressure leads to higher initial gas rates, earlier gas peaks and 
lower water rates. 
 The effect of well shut-in time on the gas and water production rates becomes 
more significant at higher capillary pressure in the early production time. 
 As natural fracture spacing decreases and natural fracture density increases, 
higher initial gas production rates, earlier gas peaks and lower water rates are 
obtained since more access to the matrix is provided. 
 The decrease in water load recovery because of well shut-in period is larger when 
more natural fractures exist. 
7.2 Recommendations 
From modeling perspective, more representative and less uncertain results are obtained 
with: 
 Fully coupling the fluid flow with geomechanics in one platform that starts with 
predicting the fracture propagation during the stimulation treatment and ends with 
forecasting the fluid flow. Mechanical properties and in-situ stresses changes are 
to be incorporated to capture stress interference, alteration and reversal because of 
fracturing, and then associated anticipated fracture complexity is to be predicted. 
 Improved characterization and evaluation of the anticipated fracture complexity 




 Studying the suggested Hybrid Alternate-Zipper pattern from geomechanics point 
of view. 
 Using variable natural fracture distribution and shape factor that follows an 
exponential declining trend around hydraulic fractures. 
 Including osmotic pressure, capillary pressure and natural fracture compaction 
effects in studying the flowback behavior.  
 More reliable relative permeability, capillary pressure and natural fracture 
intensity data. 
 Incorporate the water salinity parameter to capture the interaction between 
fracturing and formation water that could cause osmotic pressure and clay 
swelling.    
Practically, the following recommendations are presented:  
 Allow a shut-in period between the end of stimulation treatment and the flowback 
of the well. 
 Investigate the opportunity of altering the rock wettability using chemicals during 
the fracturing treatment. 
 Conduct a field case study based on actual implementation of the stimulation 
patterns accompanied by laboratory tests as in the proposed UNGI CIMMM Shale 
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